under dim light (~15 μ mol m -2 s -1 , cool white fluorescent) for ~ 1-d. Freeze-thaw injury to 1 7 1 temperature (~20 °C) before measuring ion-leakage. Bath-freezing was independently Arora, 2014). Staining intensities were visually evaluated between F-control and AsA-fed 1 8 2 leaves that were subjected to bath-freezing at -5.5, -6.5, and -7.5 °C. This experiment was Table S1 . Quantification of 46 metabolites with t-test between 2 biological conditions (F-control 2 3 4 and 1.0 mM AsA). 2 3 5 Table S2 . Loading values for 46 metabolites separated by two PCA components. Water content was slightly higher in 0.5 and 1.0 mM AsA-fed leaves compared to F-control, 2 4 1 (Table 1) . Leaf area of seedlings treated with 0.5 or 1.0 mM AsA was larger than the F- was similar but slightly smaller than 1.0 mM AsA-fed seedlings. A representative picture of seedlings exposed to freeze-thaw stress is shown in Figure 1a where either 0.5 mM-or 1.0 mM-AsA fed seedlings are visually more freeze-tolerant than F-2 4 8 control at both -5.5 and -6.5 °C stress. The beneficial effect of AsA on FT was especially 2 4 9 more pronounced at the moderate stress level (-5.5 °C). AsA (1.0 mM)-fed leaves leaves was not determined. Relatively less freeze-thaw injury in AsA-fed tissues was also evident by the ion- leakage from the leaves excised from seedlings that had been subjected to in situ freeze-thaw 2 5 4 ( Figure 2a ). Seedlings fed with 0.5 mM AsA had ~52 and ~13% less injury at -5.5 and -2 5 5 6.5 °C, respectively, compared to F-control whereas those treated with 1.0 mM AsA had ~ 69 2 5 6 and ~ 41% less injury at both stress levels relative to F-control. Bath-freezing tests using 2 5 7 excised leaves (not whole seedlings) from three different treatments also exhibited lower 2 5 8 freezing injury in AsA-fed tissues compared to F-control ( Figure 2b ). color intensity) in the leaves from three treatments (F-control, 0.5 mM and 1.0 mM AsA) 2 6 3 after having been exposed to bath-freezing at -5.5, -6.5, and -7.5 °C, and that of unfrozen 2 6 4 control (UFC) is shown in Figure 3 . The two ROS accumulated at higher abundance in F-2 6 5 control than 0.5 and 1.0 mM AsA-fed leaves after freezing at -5.5 and -6.5 °C, with 1.0 mM 2 6 6
AsA treatment showing the lowest accumulation. Little to no protection was apparent by AsA 2 6 7 application at -7.5 °C stress level. FT data indicated 1.0 mM AsA treatment to be more protective than 0.5 mM. Therefore, F- (below). water content of F-control versus AsA-fed leaves was different (Table 1 ). fed leaves, respectively, were 1.1-, 2.4-and 2.7-fold of F-control. GSH in 1.0 mM AsA-fed 2 7 9 leaves was ~1.3-fold of F-control ( Figure 4d ). In total, 46 metabolites were identified following GC-MS analysis and clustered into 6 PCA was performed to explore whether metabolite phenotype between F-control and Loading values for metabolites separated by the two PCs are shown in Supplemental Table 2 .
For example, urea and GABA with most positive or negative loading values, respectively, 2 9 4 contribute most for the separation of F-control against AsA-fed treatment on PC1. Mean abundance of total 46 identified metabolites was pair-wise compared (1.0 mM AsA vs. fold-change (log 2 scaled) for these metabolites in AsA-fed vs. F-control are shown in Table 2 ,
where the spot number for each metabolite corresponds to the number assigned in Figure 5b . These 23 metabolites are also identified for significance level (t-test) with asterisk notations 3 0 4
in Supplemental Table 1 . Nineteen of these metabolites, i.e. cysteine, glycine, glutamine, / F-control ratio) ( Table 2) . Four metabolites, phenylalanine, fructose, GABA, and phosphoric 3 0 9
acid were less abundant (minus sign) relative to F-control ( acids' was not found to be significantly different. In recent years, exogenous application of beneficial chemicals has received some attention as Tester, & Fotopoulos, 2016). While AsA application has been a subject of such efforts in the 3 1 7
context of salt, drought and chilling stresses, its effect on FT remains unknown. In the present excised tissue level determined through various parameters of freeze-thaw injury, and 3 2 0 1 2 typically involves decrease in cellular hydration status (Xin & Browse, 2000) . Therefore, it is 3 5 3 somewhat intriguing that AsA-fed leaves, which are more hydrated, though marginally, than 3 5 4 F-control (Table 1) , had greater FT. Conceivably, other physiological and biochemical 3 5 5 changes induced by AsA-feeding (as discussed below) override this apparent contradiction. Our data of visual detection of ROS (Figure 3) is consistent with these findings and shows 3 6 1 that more severe freezing stress (-6.5 ˚C) resulted in higher ROS accumulation. More instance, SOD activity in AsA-fed leaves was higher than F-control (Figure 4a ), which might supports higher APX activity in these tissues since GSH works together with APX in 3 7 2 ascorbate-glutathione cycle (Foyer & Noctor, 2011) . Several studies have also noted Alam, Nahar, Hasanuzzaman, & Fujita, 2014). (below) further highlights specific differences in metabolism between two treatments. tissues (Figure 4c, d) . Cysteine, a sulfur-containing amino acid, is known as a key component alanine, serine and glutamic acid) to γ -glutamyl-cysteine, catalyzed by glutathione synthase. Methionine is an indispensable building block for protein synthesis. Higher be associated with small but significantly better leaf-growth of AsA-fed seedlings (Table 1) .
0 6
Methionine also serves as a substrate for the synthesis of polyamines (Alcázar et al., 2011) .
0 7
Accumulation of polyamines has been implicated in stress tolerance, including freezing Phenylalanine, an aromatic amino acid, serves as a precursor for a wide range of 4 1 0 important secondary metabolites (Tzin & Galili, 2010 , 2006) . Higher lignin content is also expected with greater tissue growth as well as warranted to test above stated notion.
2 3
AsA-fed leaves had ~2.8-fold proline relative to F-control (spot 8; Figure 5b ;
Supplemental Table 1 ). Proline, a compatible solute, has been widely known to accumulate 4 2 5
under stress conditions with roles in cellular osmotic adjustment, and membrane and protein tolerant in the present study. How AsA-feeding causes proline accumulation is not known. including APX, were stimulated by exogenous proline in tobacco cultures under salt stress.
3 8
Leucine, a branched amino acid, was significantly higher in AsA-fed leaves (spot 5; 4 3 9 Figure 5b ; Table 2 ). Although not significantly, other branched amino acids, isoleucine and 4 4 0 valine, also were higher in these tissues compared to F-control (Supplemental Table 1 ).
1
Branched amino acids serve as precursors for the biosynthesis of secondary metabolites 4 4 2 involved in various plant defenses (Bennett & Wallsgrove, 1994; Dixon, 2001 intermediates, fumaric acid and succinic acid, were also more abundant in AsA-fed leaves 4 8 9
( Supplemental Table 1 ). TCA cycle is pivotal in producing energy for various biochemical 4 9 0 processes and delivering carbon skeleton and reducing equivalents (Meyer et al., 2007) . Hence, this bigger pool size of TCA metabolites in AsA-fed leaves may be associated with 4 9 2 accumulation of many useful metabolites which contribute to improved FT. precursor for its synthesis (Shelp, Bown, & McLean, 1999) . In the present study, AsA-fed 4 9 6 leaves had substantially higher proline, which too requires glutamic acid for its biosynthesis. Could it be that lower level of GABA in AsA-fed tissues resulted from the lack of sufficient 4 9 8
precursor? This hypothesis warrants further confirmation. Phosphoric acid was also higher in 4 9 9 F-control than AsA-fed leaves (spot 22; Figure 5b ; Table 2 ) whereas ferulic acid, glyceric 5 0 0 acid, and urea were more abundant in AsA-fed leaves than F-control (spots 19, 21, 23; Figure   5 0 1 5b; Table 2 ). No explanation is available at this time for their specific role, if any, in FT. freezing-induced oxidative stress as well as protect membranes from freeze-desiccation. Additional components of improved FT of AsA-fed leaves can be enhanced secondary 5 1 0 metabolite system and lignin / cell wall augmentation; these two presumed changes are the horizontal line represents a threshold of -log 10 = 0.05. 
